The U.S. Nuclear Regulatory Commission (NRC), in its role as the regulating agency for the geologic disposal of high-level nuclear waste (HLW), has contracted Sandia National Laboratories (SNL) to develop a methodology for performance assessment of nuclear waste isolation in geologic media. The SNL methodology has been developed for the NRC's Office of Nuclear Regulatory Research to use in evaluating the acceptability of potential HLW repository sites being considered by the U.S. Department of Energy (DOE). The SNL methodology is built around the six quantitative regulatory criteria for the disposal of HLW promulgated in both the Environmental Protection Agency (EPA) standard (40 CFR Part 191) [EPA, 198511 and the NRC rule (10 CFR Part 60) [NRC, 19861 . The EPA standard applies to the performance of the overall system, whereas the NRC rule sets forth subsystem requirements. The SNL methodology provides tools and procedures for assessing compliance with these rules and regulations.
The SNL methodology has been developed, and previously demonstrated for hypothetical HLW repository sites located in bedded salt (saturated, porous medium) [see Cranwell et al., 19871 and basalt (saturated, fractured medium) [see Bonano et al., 1989al . Although the organization and philosophy of the current methodology are, in principle, applicable to a site located in tuff, the individual components (e.g., computer codes, data analysis techniques) require modification in order to deal with unique problems associated with the simulation of attendant processes in an unsaturated, fractured medium. This report provides a discussion of the current methodology and how it has been modified to be applied to HLW disposal in tuff.
Backmound and Obiectives
The NRC, under its broad grant of authority under the Atomic Energy Act [1954] , is responsible for regulating both the peaceful uses of nuclear energy and the radiological health and safety to the public. In 1982, the U.S. Congress passed legislation to provide for the permanent disposal of HLW. The Nuclear Waste Policy Act ["A, 19821 made the DOE responsible for the design, construction, operation, and decommissioning of a geologic repository for the disposal of spent nuclear fuel and HLW. In 1986, three sites were recommended for site characterization: Deaf Smith County, Texas (bedded salt), Hanford, Washington (basalt), and Yucca Mountain, Nevada (welded tuff). The Nuclear Waste Policy Act was later amended [NWAA, 19871, specifying that only Yucca Mountain would undergo site characterization.
The acceptability of any HLW disposal site and its ability to show compliance with the EPA and NRC regulations will likely be judged based on performance assessment analyses. In fact, the EPA's containment requirements [EPA, 19851 explicitly state that performance assessment will be used to evaluate the risk associated with the disposal system. As defined by the EPA [1985] , a performance assessment is an analysis that: ( I ) identifies the processes and events that might affect the disposal system; (2) examines the efsect of these processes and events on the perjfomance of the disposal system; and (3) estimates the cumulative releases of radionuclides, considering the associated uncertainties, caused by all signifcant processes and events. These estimates shall be incorporated into an overall probability distribution of cumulative release to the extent practicable. Davis et al. [199Ob] identified, generically, the components of an overall performance assessment, including phenomena that can affect the performance of the repository, the processes by which those phenomena are produced, and the parameters associated with those processes.
In general, the primary objective of the NRC program at SNL is to develop a generic, comprehensive performance assessment methodology for analysis of radioactive waste disposal in geologic media. A secondary objective of the methodology is to examine its capabilities, and thereby identifj its limitations, a d incorporate or recommend the necessary improvements. The SNL methodology provides support to the NRC primarily through the just mentioned objectives. However, the SNL methodology also provides procedures to assist in rule-making and licensing of potential disposal sites. Lastly, the SNL methodology implicitly provides techniques for guiding research and development needs. The objectives of the current program are to review and examine the existing methodology, modifj the components of the methodology for unsaturated, fractured tuff, and transfer the technology contained in the methodology to the NRC and its contractors.
History of the SNL Performance Assessment Methodology
In 1976, the NRC initiated a program (FIN A1192) at SNL with the intent of developing a comprehensive methodology for performance assessment of deep geologic disposal of HLW in bedded salt formations. Under that program, the structure and procedures of the methodology were developed, and the use of the methodology was demonstrated [Cranwell et al., 19871 . Models for ground water flow and radionuclide transport through bedded salt (assumed to be a saturated, porous medium) were developed, in addition to models for biosphere radionuclide transport, and dosimetry and health effects. Techniques for sensitivity and uncertainty analyses were also developed under that program.
In 1981, the NRC initiated the current program (FIN A1266) at SNL with the primary objective of modifying and extending the bedded-salt methodology to alternative geologic media such as basalt, welded tuff, granite, and domed salt. At that time, these other geologic formations were also being considered as potential host formations for an HLW repository in the U.S. As mentioned earlier, the number of potential host formations was reduced to three (bedded salt, basalt, and tuff), then to one (tuff). These changes in the U.S. geologic repository program have driven the development of the methodology.
Initially, the applicability of the bedded salt methodology to other media (eg. basalt) was assessed based on the similarities between media properties. Existing models were then modified where necessary to make the methodology applicable to basalt. Models for processes and mechanisms not considered in the previous methodology were also developed and incorporated into the methodology. For the most part, modeling changes were limited to the ground water flow and radionuclide transport models. With the completion of the development work, the use of the resulting basalt methodology was demonstrated [Bonano et al., 1989al. In 1987, steps were initiated to mod@ the performance assessment methodology so that it would be applicable to HLW disposal in unsaturated, fractured media (eg., tuff). To study the properties and processes in unsaturated, fractured media, Parsons et al. [ 19911 investigated the ground water flow and radionuclide transport processes for a hypothetical HLW repository site in unsaturated tuff. Although a number of key processes were identified, they noted that a great deal of uncertainty in the conceptual models for such a system currently exists. The uncertainty in conceptual models notwithstanding, these findings recognized that the existing flow and transport models were inadequate for unsaturated zone analyses, and they also provided guidance as to the new models that should be developed for performance assessment analysis.
Scope
The products developed under the SNL performance assessment methodology have been integrated into a computational methodology to be used to quantitatively assess those aspects of the performance of an HLW repository located in unsaturated, fractured tuff which are related to ground-water movement and radionuclide transport from the repository to the accessible environment. At present, the SNL methodology is equipped to analyze only far-field scenarios; that is, near-field and very-near-field simulations are outside the scope of the SNL methodology. These portions of the disposal system (repository and the nearby surrounding geologic formations) were being addressed by other NRC contractors. Certain developments will be necessary to make the SNL methodology complete in the sense that appropriate processes could be analyzed at any scale. However, the general structure of the SNL methodology is amendable to incorporation of the necessary models to analyze the near field and very near field. Alternatives to the SNL methodology may exist or may be developed in the future. The general structure of the SNL performance assessment methodology could be a basis for other existing or future methodologies.
The individual components and the integrated tuff methodology have been delivered to the NRC; however, unlike the salt and basalt methodologies, the tuff methodology is not scheduled to be demonstrated by SNL staff. Rather, this report provides a description of the overall tuff methodology and the components contained therein. Because a number of the tools developed under the salt and basalt methodologies have not changed as a result. of the different geologic media under consideration (eg., dose and health effects models, biosphere transport models), they will be discussed only very briefly in this report. The discussion here will concentrate on the aspects of the methodology that have been modified to treat the unique problems associated with a repository in an unsaturated, fractured medium. procedures for using the codes and techniques embodied in the methodology. in nature, allowing it to be applicable to different geologic media. The same structure has been used for the bedded-salt methodology [Cranwell et al., 19871 and the basalt methodology [Bonano et al., 1989a1 , and now provides the basis for the tuff methodology.
The modular design of the methodology allows for easy modification. For example, the transition from the basalt methodology to the tuff methodology, required, for the most part, modification or replacement of only the ground water flow and radionuclide transport models. Although these models are linked to one another, they may still operate independently, and consequently can easily be changed. The structure of the methodology also allowed the models for flow and transport in the saturated zone to be retained for modeling these processes beneath the water table. The modular design also allows for evaluation of each regulation independently. For instance, only the ground water flow model need be executed to assess compliance with the NRC ground water travel time requirement, whereas the ground water flow model, a source-term model, and a radionuclide-transport model are necessary to predict integrated discharge of radionuclides to the accessible environment. This interdependency of models, indicated in the latter case, facilitates and requires consistency among the different models of the system behavior. The methodology is not merely a procedure for assessing compliance with regulations, but also provides the ability to screen scenarios based on the consequences indicated by intermediate results. Through uncertainty and sensitivity analyses, the methodology allows for the identification of key scenarios, processes, parameters, and radionuclides that would have a significant impact on the results of a performance assessment analysis.
Svstem DescriDtion
The system description is a general category in the methodology which is repository and site specific, and is normally the initial step in the performance assessment analysis. It involves the description of the characteristics of the waste, the engineered facility, and the geologic site. A description of the waste generally includes the type of waste, the amount and inventory of waste, and the physical, chemical, and radioactive characteristics (including decay chains, fission products, decay modes, and half-lives) of the waste. Characteristics of the engineered facility include, among other things, the size and geometry of the repository, waste emplacement configuration, the thermal load induced by the facility, the number of waste packages, and the properties of the engineered barrier materials (e.g., backfill materials). The geologic site is described by its geologic structure, lithology, stratigraphy, mineralogy, and other physical and chemical characteristics. Hydrological, geochemical, geomechanical, and thermal properties are consequently included in this description.
Scenario Develomnent and Screening
Because of the time frames of interest, scenario definition plays an essential role in performance assessment of HLW disposal sites. A scenario is a set of naturally occurring, human-induced and/or repository-induced conditions that represent realistic future states of the disposal system such that the release and transport of radionuclides from the repository might be affected [adapted from Cranwell et al., 19901 . The SNL methodology for scenario development and screening was developed as part of the bedded-salt performance assessment methodology [Cranwell et al., 19871 and is described in greater detail elsewhere [Cranwell et al., 19901 . A brief summary is provided here.
The procedore for selecting scenarios basically identifies a list of all possible events and processes that can affect the repository system, screens those events and processes based on well-defined criteria, combines the remaining events and processes to form scenarios, and finally screens the scenarios to produce a final set of scenarios. The procedure is systematic and follows six steps:
(1) Identify potentially disruptive events and processes that might affect the Derformance of the reDositow. A comprehensive investigation is required to identify potentially disruptive events and processes to ensure that the list is complete and that no likely important events and processes are overlooked. The list should include naturallyinduced, human-induced, and repository-induced events and processes.
(2) Classify events and processes. The classification of events and processes is conducted iteratively with Step 1 to further ensure that the initial list generated is complete. The classification of events and processes is somewhat arbitrary. For example, they can be classified in terms of their origin and physical characteristics, their effect on the repository system, or any other logical category.
(3) Screen events and processes. Next, the unimportant events and processes are screened from the initial list. Cranwell et al. [1990] recommend that this be based on three criteria: physical reasonableness, probability, and consequence. The physical reasonableness criterion eliminates those events and processes whose occurrence is impossible based on the physical or chemical properties of the system. The probability criterion eliminates those events and processes whose probability of occurrence is so small that they can effectively be dismissed from further consideration. The EPA, in Appendix B of 40 CFR 191, provides numerical guidance as to those events and processes that can be dismissed. The EPA assumes that "performance assessments need not consider categories of events or processes that are estimated to have less than one chance in 10,000 of occurring over 10,000 years." That is, events or processes with an annual probability of less than 1 x loa can be eliminated. Basically, the physical reasonableness criterion is a subset of the probability criterion in that it eliminates events and processes with extremely low or zero probability of occurrence. At this point, the consequence criterion is used to eliminate events and processes whose impact is so insignificant that it will have no apparent effect on the behavior of the system. The consequence criterion will have added considerations when screening scenarios.
(4) Combine events and processes to form scenarios. In this step, the remaining events and processes are combined in all possible ways to form scenarios. The result is 2" scenarios, where n is the number of events and processes that remain after
Step 3 (5) Screen scenarios. Scenarios are screened using the same criteria used in step 3. Those scenarios that are considered physically unreasonable are generally those that contain conflicting events and processes. For example, the events "dike intrudes repository and acts as barrier to flow" and "dike intrudes repository and acts as conduit for flow" are incompatible within a single scenario because the dike has conflicting properties. Scenarios can also be screened based on probability of occurrence. Scenarios with an annual probability of occurrence less than lo4 can be eliminated. The consequence criterion is used to eliminate scenarios based on the impact the scenario has on release of radionuclides to the environment. The EPA states in 40 CFR 191 that events or processes that have probability of occurrence greater than loa "may be omitted from the performance assessment if there is reasonable expectation that the remaining probability distribution of cumulative releases would not be significantly change by such omissions." The consequence c.riterion is generally not considered when screening events and processes because it usually requires more detailed analyses.
(6) Identifv final set of scenarios. The final set of scenarios are identified after executing the above steps. This is the set .of scenarios on which the performance assessment will be based.
The procedure just described is general; therefore, without modification, it is applicable to waste disposal in tuff. SNL applied the methodology to a potential waste disposal site in unsaturated t u g , but the. results will not be discussed here. 
Conseauence Analysis
Consequence analysis involves developing models to describe the attendant processes at the repository site. In general, the procedure includes (1) identifymg processes that are associated with scenarios, (2) developing conceptual models, based on assumptions of system characteristics and behavior, to describe those processes, (3) developing mathematical equations to describe the .processes quantitatively, and (4) solving these equations (numerically or analytically) to generate consequence realizations. In the SNL performance assessment methodology, the different processes are divided into a number of coupled sub-components. These sub-components include the ground water flow models, models for describing release from the repository (source term models), geosphere radionuclide transport models, biosphere radionuclide transport models, models for predicting dose and health effects to man, and computer programs to link models to one another (code couplers). To modify the methodology for tuff, changes were made primarily to the ground water flow model, geosphere transport model, and code couplers. The remaining models tend not to be site-specific, and were therefore retained in their present state.
Ground Water Flow Model
The purpose behind the development oL an independent computer code was to provide the NRC with the ability to .efficiently predict ground water travel times and ground water velocities for unsaturated, fractured rock. In doing so, this code possesses the ability to predict velocity fields; pressures, and moisture contents to be used as input for the radionuclide transport code which was also being developed as part of this methodology. Such a tool would provide the NRC with an independent mechanism to evaluate compliance with the numerical requirements promulgated in 10 CFR Part 60 and 40 CFR Part 191, and to assist in assessing the validity of proposed ground water flow models. Specifically, the code has the capability to predict ground water velocities to be used in assessing compliance with the NRC's ground water travel time rule (10 CFR Part 60) and predict flow paths and velocities necessary for EPA Containment Requirement analyses (40 CFR Part 191).
The first step taken in this code development exercise was to identify important ground water flow processes at an unsaturated, fractured HLW repository site. Upon determining these processes, a rigorous study was conducted to identify, screen, and test existing computer codes [Updegraff, 19891 to determine if any codes existed which were adequate for the intended purposes .of modeling these flow processes. This study provided the basis to make the decision to either select and modify an existing code, and/or develop a new, independent code. The determination was made to use existing codes to simulate saturated-zone flow, to use an existing code to simulate coupled heat and flow, and to develop a new code to simulate isothermal, simultaneous fracture and matrix flow. The code developed by SNL for saturated-zone flow modeling is the SWIFT II (Sandia Waste Isolation Bow and Transport) code [Reeves et al., 1986a,b,c] , which was developed as part of the basalt methodology. A code developed by the U. S. Geological Survey [Posson et al., 19801 has been recommended for modeling regional saturated zone flow. The code recommended for modeling coupled heat and flow in unsaturated media is the TOUGH (Transport o f Underground Groundwater and Heat) code [Pruess, 19871 . The discussion that follows will concentrate on the new code developed by SNL and will provide some reasons for the need to develop a new code.
Conceptually, ground water flow in an unsaturated, fractured rock can occur in the porous matrix, the fractures, or simultaneously in both. Exchange of water between the fracture and matrix is controlled by the pressure within each, by the physical and chemical properties of each, and by the properties of the fracture-matrix interface. The pressures within the fracture and matrix are not necessarily equal. Liquid-phase flow in the unsaturated zone is generally thought to be predominantly vertically downward; however, non-vertical flow may occur as the result of natural-system heterogeneities.
Local zones of saturation can exist within the unsaturated zone (e.g., perched water tables). Large-scale features, such as faults, can also play an important role in the flow system.
The DCM3D (Dual-Continuum Model 3D) computer code [Updegraff et al., 19911 was developed based on the just-mentioned considerations. Mathematically, the flow system in DCM3D is treated as a dual-continuum model. The approach is similar to that used in petroleum reservoir engineering [van Golf-Racht, 19821 . The fractures and the matrix are each assumed to behave as a continuum (with flow governed by Darcy's Law), and are coupled by a mass-exchange or transfer term. The resulting system is one of nonlinear, coupled, partial differential equations describing the pressure field. For the matrix and fracture, respectively, these equations are given as:
/ \ where C = specific storage coefficient P = water pressure ksat = saturated intrinsic permeability k, = relative permeability Q = volumetric source term p = water density g = gravitational coefficient p = dynamic water viscosity r = fracture-matrix transfer term
The subscripts rn andf denote matrix and fracture. The specific storage coefficient, C, is a function of the degree of saturation, porosity, and the rock and water compressibility [see Updegraff et al., 19911 .
These governing equations are numerically differentiated in space with a block centered, integrated finite difference scheme. The time-dependent partial derivative is allowed to remain continuous. This results in a system of coupled, ordinary differential equations which will be solved over time. Within each finite-difference cell volume, all fractures within the bounds of the cell are treated as a single equivalent fracture and the matrix as a single equivalent matrix coupled to that fracture. The system of differential equations is solved with a very general differential equation solver, LSODES (Livennore -Solver for ordinary Differential Equations, $parse). LSODES is designed to solve a set of sparse, stiff ordinary differential equations [Hindmarsh, 19831. A system is sparse if each differential equation in the set depends on only a few dependent variables. For instance, each differential equation in a one-dimensional flow problem depends on only three dependent pressure variables. These variables are the pressures at the grid block of interest and in the grid blocks adjacent to the grid block of interest. A stiff set of equations results if there are two or more very different scales of the independent variable (time) on which the dependent variable (pressure) is changing [Press et al., 19861. In an unsaturated ground water flow equation, the hydraulic conductivity and moisture capacity in each grid block are strongly dependent on the pressure of the grid block. Thus, the hydraulic conductivities and moisture capacities between two adjoining grid blocks can be quite difference. Therefore, the time scales of the two grid blocks can then be quite different, which causes the stiffness in the equations. LSODES uses backward difference formulae to solve the set of ordinary differential equations.
The DCM3D code is able to simulate ground water flow in unsaturated, fractured media in either one, two, or three dimensions. DCM3D is capable of modeling either a singlecontinuum (matrix flow or fracture flow), or dual-continuum (simultaneous matrix and fracture flow) problem. Saturated-zone ground water flow can also be simulated.
DCM3D is capable of handling spatially and temporally varying flux and pressure boundary conditions and source terms. Both the boundary flux and the source term for the porous matrix and/or the fracture can be prescribed by the user for each continuum. They can also depend on the mobility ratio between the two continua. The van Genuchten [van Genuchten, 19801 equations are used to describe the unsaturated zone characteristic curves of each continuum. As used in DCM3D, these equations are:
where S is .the degree of saturation; S, is the effective saturation; S, is the residual saturation; S, is the saturated degree of saturation (usually equals 1.0); P, is the capillary pressure k, is the relative permeability.
rn, n, and a! are fitting parameters where m is related to n by rn = l-l/n. The van Genuchten equations are assumed applicable for both matrix and fracture continua.
The fracture-matrix transfer term controls the rate of exchange of water between the fracture and matrix. In DCM3D the transfer term is assumed to be a linear function of water pressure difference between the matrix and fracture continua. In simple terms, it can be represented as:
where y is called the transfer coefficient. In saturated, fractured media, y is generally considered to be a constant, described by [Streltsova-Adams, 1978; van Golf-Racht, 19821: whereA is the specific fracture surface area per unit volume, and I is distance between the centroids of the fracture and matrix continua. However, as indicated earlier, in unsaturated media, the permeability will be a function of the degree of saturation. whereA is a constant and is equal toAbc,,,/l.
Although A, as just described, is based on the specific fracture surface area, saturated matrix permeability, and "distance" between the fracture and matrix, it is input as only a bulk constant into DCM3D. Therefore, A can essentially be treated as a coefficient which is adjustable to accommodate for resistance to flow at the fracture-matrix interface. The resistance will be the result of some sort of physical and/or chemical characteristics of the medium. For example, Thoma, et al? demonstrated that fracture coatings can play an important role in inhibiting transfer of water from fractures to matrix. In any case, the use of a constant coefficient and linear pressure dependence, is still a question that needs to be addressed, especially for unsaturated media.
In general, the output from DCM3D consists of a reprint of the input data and the matrix and fracture pressures. Darcy velocities, saturations, and moisture contents are optional output. DCM3D also produces an output plot file that can be processed to provide transport paths and transport velocities for the geosphere radionuclide transport model. For more details about the DCM3D computer code see Updegraff et al. [1991] .
Source-Term Model
The release of radionuclides from the repository is commonly referred to as the source term for the radionuclide geosphere transport model. The source-term model describes the onset of release and the subsequent rate and distribution of release for each radionuclide. Implicit within the source-term model are a number of submodels that describe the mechanisms for release. These include waste-package lifetime models and models for transport through the engineered barrier system. In the SNL performance assessment methodology, a number of source term models are incorporated into the geosphere transport model. These are discussed here briefly.
The computer code N E F I " 11 [Olague et al., 19911 contains a separate module that calculates the source term (in the form of time-dependent release rates from the engineered barrier system) for the geosphere radionuclide transport module in the code. The source model considers the initial waste inventory, the rate of water flowing through the repository, the waste fraction in contact with the water, leach properties of the waste, radionuclide solubilities, source pore area and pore volume, and decay of radionuclides. In general, the source model in NEFTRAN 11 contains options for describing the mechanisms for release from the waste form (Le., leach-limited, solubility-limited, or combination) and options for describing mechanisms for release from the repository (i.e., flow-through and mixing cell). In the leach-limited models, the leach rate can be modeled as a constant leach rate or as an exponential leach rate. The solubility-limited model is applicable in cases where radionuclide solubilities are low, leach rates are high, and/or ground water flow rates through the repository are low. The mixing-cell option provides a dilution mechanism for radionuclides prior to being released into the geosphere transport path, whereas the flow-through option assumes that radionuclides are released from the repository as they dissolve and are not subsequently diluted. An attribute of the N E W 11 source model that its predecessor NEFTRAN [Longsine, et al., 19871 did not have is the ability to treat time-dependent ground water flow through the source.
The source model in NEFTRAN I1 is executed independent of the geosphere transport model; as a result, 11 can generate source terms for other radionuclide transport codes, and conversely, in principle (although not currently implemented) N E W 11 could take source terms from other models and use these in transport calculations. Also, if desired, this feature allows selected decay chains to be used for only source calculations and not be transported. For more details about the source model in N E F r " 11, see Olague et al. [1991] .
Geosphere Radionuclide Transport Model
The purpose behind the development of an independent geosphere radionuclide transport model is to provide the NRC with the ability to calculate integrated release and release rates of multiple radionuclides at a specified boundary. Such a tool would provide the NRC with an independent mechanism to assess compliance with the numerical requirements in 40 CFR Part 191. Because of the modular structure of the SNL performance assessment methodology, the geosphere radionuclide transport model must be able to take information from a ground water flow model and use this information as input to the radionuclide transport calculations.
In the radionuclide transport code development, as in the ground water flow code development, the first step was to identify the important processes associated with radionuclide transport in unsaturated, fractured rock. From this list of processes, the dominant and most important processes were selected. Next, a number of computer codes were identified that, at least to some degree, modeled these processes. From these codes, one was to be selected in its present state, or one would be selected and modified, or a new code would be developed. However, prior to choosing one of these options, some additional considerations had to be addressed. For instance, uncertainty analysis and sensitivity analysis are integral parts of performance assessment, usually requiring large numbers of simulations. Also, as it is currently written, the performance measure in EPA containment requirements (40 CFR Part 191) is integrated release to the accessible environment at 10,000 years. As a result, the radionuclide transport code would have to be very efficient and be able to model transport of multiple radionuclide chains. Based on all of the above considerations, the decision was made to modify the NEFTRAN [Longsine et al., 19871 code.
The processes identified as being relevant to transport of radionuclides in unsaturated, fractured media are: convection, dispersion, diffusion, sorption, radioactive decay, speciation, complexation, ion exchange, leaching, dissolution, precipitation, redox reactions, colloid formation and transport, and gas phase transport. Of these processes, convection, diffusion, dispersion, sorption, and radioactive decay were considered to be the most important. Although these are probably also the most important processes for saturated zone transport, the mechanisms by which they occur are probably quite different. Gas-phase transport was noted as potentially very important, but with much uncertainty, and for a very limited group of radionuclides. Also considered was that, as in flow, solute transport will be dominated by the fractures, matrix, or a combination of the two. The response of the system to changes in the flow field (for example, disruptive scenarios) is another important consideration. II is basically a performance assessment code designed to conduct computationally efficient simulations of transport of multiple radionuclide chains across large distances over long periods of time. NEFTRAN II has retained all the capabilities of its predecessor N E F " [Longsine .et al., 19871 , with the addition of several new ones. The new capabilities include (1) the ability to read pore-velocity and saturations from an external file, (2) the ability to treat radionuclide transport in time-dependent velocity fields, (3) the ability to treat the effect of time-dependent saturation on radionuclide retardation, and (4) the ability to model source-term releases as a function of time-dependent flow through the source.
The NEFTRAN I1 computer code 'is capable of simulating ground water flow and radionuclide transport in steady flow systems and radionuclide transport in timedependent flow systems. In either case, the intent is to use NEFTRAN I1 in conjunction with an external ground water flow model that will allow simplification of the complex flow system. This is necessary because N E F " 11 assumes that all significant flow and transport is dominated by a series of one-dimensional flow tubes or legs. In the case of a steady flow field, an external flow model (such as SWIFT I1 [Reeves et al., 1986 a,b,c] ) is used to define the flow system in terms of pressures and velocities. With the use of a particle tracking routine, this flow field can be represented as a dominant flow network. Assuming that the network structure is a valid representation of the system, NEFI'RAN 11 can. then take this information, including leg properties (length, crosssectional area, hydrologic properties) and boundary conditions (pressure heads and locations), to define the same flow network internally. The result is the ability to run multiple, computationally efficient flow simulations of the system using NEFTRAN II.
Radionuclide transport would be simulated simultaneously, assuming that transport takes place along a single dominant path in the network.
NEFI'RAN I1 can also be run without using the flow network model by direct input of pore velocities into the transport model. For time-dependent velocity fields, the transport migration path and mean pore velocities for each leg along the path are each determined from an external flow calculation and read into N E W 11. For unsaturated media, saturations for each leg along the path are also required. A code such as DCM3D [Updegraff et al., 19911 would be used to describe the flow system and a particle tracking routine would again be required to define the dominant transport migration path. Significant changes in pore velocities and/or saturations along the migration path would be determined by the ground water ' flow code and particle tracking routine, and subsequently read by N E F " 11. The underlying assumption in N E F " 11, however, is that the migration path remains constant over time and only the magnitude of velocity and saturation change. N E W 11 models convective-dispersion transport of radionuclides through a series of one-dimensional legs or stream tubes using the Distributed Velocity Method (DVM) [Campbell et al., 19811 . The primary advantage to using the DVM is that it is suited to conduct efficient transport simulations for long simulation times and over long distances. In addition to DVM, NEFTRAN I1 contains an .option to solve the transport equation analytically if a single chain with three or fewer members is transported through single porosity legs with all the members having identical retardation factors. The DVM partitions the radionuclides within each leg into discrete packets, and determines a distribution of velocities for the packets based on the mean retarded particle velocity and a dispersivity for each leg. Mean retarded particle velocity within a leg is the mean pore flow velocity divided by the particle retardation factor for that leg. Included in the transport calculation is radionuclide decay and production. 
where C = bulk concentration of radionuclides, p = exchange coefficient, rz = porosity, t = time and, R = retardation factor.
The subscripts rn and f denote matrix and fracture. Matrix diffusion is potentially important because, in theory, the matrix can essentially act as a storage volume and enhance retardation of the radionuclides [Bonano et al., 1989aI .
Because the spatial orientation of the transport legs in NE-1 1 is neither specified by the user nor implied within the code, the orientation of the legs can be arbitrary. As a result, if a dominant, non-branching, migration path (or paths) can be defined in multidimensions (two or three dimensions) by a flow calculation external to NEFTRAN 11, N E F " 11 can simulate quasi multi-dimensional transport through this path.
Input to N E F "
I1 includes a series of read and write options, problem size specification, source and source flow parameters, simulation, source and time stepping parameters, network leg and junction properties, migration path properties, decay chain parameters, and element properties. Optional output from N E F " II includes a reprint of input data, integrated or cumulative release (Ci) of each radionuclide at a discharge point, total integrated release (Ci) of all radionuclides, discharge rate (Ci/yr) at the discharge point as a function of time, and concentration (Ci/ft3) at the discharge point as a function of time.
,
Further discussion of the mathematical, and numerical models used in N E F " 11 can be found in Olague et al. [1991] .
Biosphere Radionuclide Transport Model
The biosphere radionuclide transport model was developed as part of the original performance assessment methodology development effort [Cranwell et al., 19871 and is made up of two submodels: an environmental transport model and a transport-to-humans model. The model was designed to take radionuclide releases estimated by the geosphere transport model and simulate the transpoq of these through surface water, through the food chain, and finally to humans. The.biosphere radionuclide transport model is implemented in the,computer code PATH1. Since it has not undergone any modifications since its original development, it will not be discussed any further here. Instead, the reader is referred to sources that will provide adequate information about the models included in PATH1 and the use of those models. These include Helton and Kaestner [ 19811, and Helton and Finley [ 19821. 
Dose to Man and Health Effects Model
The dosimetry and health effects model was designed to take the results from the biosphere transport model and estimate the impact of exposure of radionuclides on humans. This model takes intake of curies and external exposure levels and converts these into potential adverse health effects. The dosimetry and health effects model is implemented in the computer code DHE. Like the biosphere radionuclide transport model, DHE has not undergone modifications since its original development, and therefore, will not be discussed any further here. Information about the model and its use can be found in Runkle et al. [1981] , Runkle and Cranwell[1982] , and Runkle and Finley [1983] .
Code Coupler Programs
For a number of reasons, as discussed earlier, the performance assessment methodology is modular in design. This makes it convenient for evaluating particular aspects of a site such as -the ground water hydrology; however, to evaluate overall system performance, the performance assessment methodology has to operate as an integrated process. Consequently, computer programs are needed to take output data and other information (such as conceptual model information) from one code and process those data into a useable form for a subsequent code in the process. These data manipulation and evaluation computer programs have been called code couplers. Specifically, for the tuff methodology, it was necessary to develop code coupler programs to provide a link between the grocnd water flow model (DCM3D) and the geosphere transport model ( N E F " II). Code coupler programs are needed to post-process the DCM3D-generated flow field to define a useable transport migration path for NEFTRAN 11.
. , . . -. This is described below.
The code-coupler, named TRACK4, is an enhanced particle-tracking routine that takes output from DCM3D (specifically, Darcy flow velocities, moisture contents and material porosities) and generates a single, nonbranching transport migration path for NEFTRAN II. As discussed earlier, characteristics of the transport migration path include the number of transport legs, the lengths of the transport legs, the mean moisture content for each transport leg, and mean pore velocity (Darcy velocity divided by moisture content) for each transport leg. If the flow simulation is based on a single-continuum, one-dimensional model, then TRACK simply calculates the pore velocities along the flow path. Because several flow-model grid blocks may eventually comprise a single transport leg, the flow velocity in each of the grid blocks is different, and each transport leg requires only one mean transport velocity, the code coupler TRACK must calculate a grid-block-weighted average velocity. Likewise, an average degree of saturation for a given leg is calculated based on the saturations in each of the grid blocks (from DCM3D) that make up that leg.
For dual-continuum flow models, the process becomes slightly more complicated. It should be recalled that NEFTRAN 11 can only handle transport in either a fracture or matrix continuum but not both simultaneously. As a result, for dual-continuum models TRACK evaluates the velocities in both the fracture continuum and the matrix continuum and designates one as the dominant path. TRACK simply designates the one with the higher pore velocity to be the dominant transport path. As a result, the transport path does not allow for simultaneous fracture and matrix transport, but can still treat fracture transport with matrix diffusion. The decision as to which is the dominant path is made for each grid block in the flow path. An alternative approach to transport modeling with NEFTRAN 11, while using a dual continuum flow model, would be to treat the fracture and matrix continua together as an equivalent porous medium [see Erickson et al., 1986, and Dudley et al., 1988 for a discussion of equivalent porous medium concepts]. This approach was applied by Gallegos, et al? in their comparison of alternative conceptual models for a single site.
TRACK defines a new transport leg whenever a change in material properties occurs along the transport path. A change in either the hydrological or the geochemical properties warrants the definition of a new leg. A new leg is also defined whenever the dominant transport path changes from fracture to matrix or vice versa.
TRACK can also be applied in two-dimensional space, in which the magnitude and direction of the x and z velocity vectors for each grid block determine the particle trajectory in space. TRACK can be used with time varying velocity fields in one dimension. In this case, the assumption is made that only the magnitude of the velocity is allowed to change, and the transport migration path stays constant otherwise. Also, changes in the velocity field are assumed to occur at discrete time steps.
The output from TRACK is .conveniently in the form of a NEFTRAN 11 input file.
Uncertaintv and Sensitivity Analvses
Uncertainty and sensitivity anal'yses are conducted in accordance with the consequence analyses. Within the definition of "performance assessment" in 40 CFR Part 191, it is explicitly stated that the assessment will consider the associated uncertainties involved in estimating cumulative release of radionuclides to the accessible environment. Additionally, the EPA Containment Requirements (40 CFR 191.13) require that a reasonable expectation that compliance with 5191.13 (a) w i l l be achieved. To achieve reasonable expectation through modeling, the models used in an analysis must adequately represent the real system and must consider and/or incorporate all sources of uncertainty, as practicably as possible. Sensitivity analysis, although not required by the regulations, is conducted to assist in focusing data collection and modeling efforts during the iterative performance assessment exercise.
Although they often use similar mathematical techniques, and are often discussed together, uncertainty and sensitivity analyses serve separate functions in performance assessment. Uncertainty analysis provides a quantitative estimate of the variation or uncertainty in model output using information about the uncertainty in the model input. Sensitivity analysis, on the other hand, refers to the quantitative estimation of the variation in the output of a model caused by the given variation in the parameters required by the model [Bonano et ai., 1989al . In other words, uncertainty analysis quantifies uncertainty in model input and output, whereas sensitivity analysis proceeds further to identify those input the uncertainty of which have the greatest influence on the uncertainty in a given output. Consequently, the two analyses complement one another. The results from the sensitivity analysis can therefore indicate those areas that, by reducing their uncertainty, will have the greatest impact on reducing uncertainty in the performance measure, and hence, increase the likelihood that reasonable expectation has been provided. .
Data and Parameter Uncertainty
Currently, the technique used in the SNL performance assessment methodology for conducting both uncertainty and sensitivity analyses is based on a Monte-Carlo-type approach. The Latin Hypercube Sampling (LHS) Technique [Iman and Shortencarrier, 19841 is used to select vectors of random samples of parameters from their respective probability distribution functiohs. These parameter vectors are then used in the consequence models to generate distributions of output. These distributions of output are generated for each scenario and, to assess compliance with the containment requirements in 40 CFR Part 191, the output from all scenarios are combined and represented in the form of a complementary cumulative distribution function (CCDF). Bonano and Wahi [ 19901 provide a comprehensive discussion of this procedure, including generation of a CCDF. Sensitivity analysis can be conducted (using a regression analysis) simultaneous to the uncertainty analysis given the distributions of input and output.
This sampling-based approach was successfully applied to the models used in the demonstration of the bedded-salt methodology [Cranwell et al., 19871 and the demonstration of the basalt methodology [Bonano et al., 1989aI . However, with the modification of the methodology for tuff, came the advent of nonlinear models for ground water flow (Le., models based on nonlinear differential equations); whereas the models for which this approach was previously applied to were linear models (Le., were based on linear equations). In response, SNL conducted an investigation to assess the applicability of different techniques for uncertainty and sensitivity analysis to nonlinear models, including the sampling-based approach6. Four approaches were identified and evaluated: differential analysis, Monte Carlo analysis, response-surface methodology, . and Fourier amplitude sensitivity test (FAST)). The investigation states that the type of model does not, in general, provide a guide as to the uncertainty or sensitivity analysis technique that should be used; although, it was recognized that nonlinear models are more difficult to deal with, have solution spaces that are more difficult to characterize, and are more sensitive to perturbations in input than linear models. It was also recognized that regardless of the type of model (linear or nonlinear), the relationship between model input and model output tends to be nonlinear. Based on these observations, and for a number of other reasons, the recommendation made by this investigation, was that for most purposes related to performance assessment of HLW disposal, the Monte Carlo approach should be the method of choice. It should be noted, however, that no one approach will be better than all the others for all purposes. This notwithstanding, the reasons for recommending Monte Carlo, as taken from the above investigation, are summarized below. First, because the Monte Carlo appro.ach allows full stratification over the range of each independent variable, it is capable of dealing with large uncertainties in these variables. Differential analysis, which is inherently local about a base-case value for the independent variable, and response surface .methodology are particularly not suited to deal with large uncertainties. As a result of the multiple-realization nature of the technique, Monte Carlo simulation also provides direct estimates of distribution functions for dependent variables. Differential analysis and FAST provide only single value estimates for the uncertainty in the dependent variables. The quality of the estimates provided by the response surface methodology are bound by the response surface approximation to the original model. Because they do not require any modifications to the original model, Monte Carlo approaches are generally straightforward to use. Differential analysis, response surface methodology and FAST, on the other hand, require a large amount of additional specialized knowledge before they can be applied. In addition, the estimates are no better than the surrogate model or design. The Monte Carlo approach is also effective for propagating uncertainty through a series of models because, as mentioned above, it provides direct estimates of dependent variable distribution functions. The other techniques, again, are not suited for this. Monte Carlo techniques create a detailed mapping from initial input to analysis results. Once produced, this mapping may be used as a basis for subsequent analyses. Finally, nonlinear models tend. to be less stable in their behavior than linear models, making full stratification across the range of the independent variable particularly important. Also, because nonlinear models are generally more computationally complex than linear models, a technique that does not require modifications to the model is desirable.
Some of the drawbacks of Monte Carlo analysis should also be recognized. First, because it requires multiple model evaluations, Monte Carlo analysis, in principle, tends to be computationally expensive. Latin Hypercube Sampling [Iman and Shortencarrier, 19841 has been recommended to reduce the number of necessary evaluations. However, a drawback of the sampling approach is that LHS does not seem to directly allow for treatment of spatial variation and spatial correlation of parameters. Stochastic approaches [see Gelhar and Gutjahr, 1982; Gutjahr et al., 1985, and Bonano et al., 19871 have been proposed to deal with this aspect of uncertainty analysis. These stochastic approaches, when applied to solving the radionuclide transport problem, provide the mean and variance of the dependent variable (concentration) given the mean and variance of the ground water flow velocity and the correlation scale. This is done using only a single simulation, but more importantly accounts directly for spatial variability. Solution of the inverse ground water flow problem using geostatistics is another proposed approach [see Kitanidis and Vomoris, 1983; Hoeksema and Kitanidis, 1984, 19851 . Based on relatively few independent variable measurements, the solution of the inverse problem produces conditioned head, transmissivity, and velocity fields that can subsequently be used in ground water flow and radionuclide transport simulations.
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. Bonano et al. [1989b] applied the geostatistical approach to the estimation of ground water travel times at a repository site. In addition to data and parameter uncertainty, performance assessment modeling for HLW disposal necessarily incorporates modeling uncertainty, and uncertainty associated with predicting the future state of the repository system (scenario uncertainty) [Bonano and Cranwell, 1988; Davis et al., 1990al . Uncertainty in the future state of the system is associated mainly with three sources: developing the initial, comprehensive list of events and processes that make up scenarios, estimating the probability of occurrence for each scenario, and estimating the consequences of the scenario ponano and Cranwell, 19881 . The use of a systematic approach for developing and screening scenarios (such as that described by Cranwell et al. [1990] ) combined with the appropriate use of formalized expert judgement [see Bonano et al., 19901 has been recommended as an effective approach to account for uncertainty in describing the future state of the system. The use of formalized expert judgement can help increase the likelihood that a complete set of events and processes will be selected, meaningful criteria for screening scenarios will be developed and applied, and all available information is used to assign probabilities to scenarios.
Model Uncertainty
Because models are, by definition, simplifications of reality, there is uncertainty inherently associated with them. Model uncertainty includes conceptual model uncertainty, mathematical model uncertainty, and uncertainties resulting from implementing the mathematical model in a computer code (e.g., cbding errors, computational limitations, user errors). The importance of treating conceptual model uncertainty and the fact that quantifying and reducing this uncertainty will increase confidence in the analysis has been recognized [Bonano and Cranwell, 1988; Davis et al., 1990a; de Marsily, 19891 . As demonstrated by Gallegos et al. (see footnote 5), uncertainty in the fundamental assumptions used to develop conceptual models can have a significant impact the performance of a site. As a result of concerns such as these, international cooperative studies, such as INTFWCOIN [1986] , INTRAVAL [1987] , and HYDROCOIN [NRC, 1988a and 1988b; Andersson et al., 1988; SKI, 19901 , and from GEOVAL [Davis and Goodrich, 19901 , have been conducted, implicitly recognizing the problem of model uncertainty and, in principle, provide approaches to quantifying and perhaps reducing model uncertainty (including conceptual, mathematical, and numerical model uncertainty). In each of these studies, the process of validation is generally recognized as the most important method for reduction of model uncertainty.
In its present form, the SNL performance assessment methodology is tailored to treating data and parameter uncertainty and uncertainty in the future state of the system; however, it is not readily capable of quantmng conceptual model uncertainty and propagating that uncertainty to the results of the performance assessment. If the uncertainty in alternative conceptual models can be quantified, then, in principle, it can be propagated, through the consequence analysis in the same way scenario uncertainty is propagated. Gallegos et al. (see footnote 5) did not q u a n w conceptual model uncertainty and therefore, represented alternative conceptual models for a single scenario by a series of corresponding CCDFs. However, this procedure would quickly become very complicated for an overall performance assessment because, for each scenario, a different set of plausible conceptual models can exist.
The treatment of mathematical and numerical model uncertainty, on the other hand, fall outside the quantitative aspect of performance assessment. Mathematical uncertainty, as stated above, can be dealt with through validation. Similarly, numerical model (computer code) uncertainty must be reduced through verification, benchmarking, and quality assurance. These exercises, validation, verification, benchmarking, and quality assurance, are conducted outside, but not independent, of the computational performance assessment.
OUTSTANDING TECHNICAL ISSUES
Although th'e SNL performance assessment methodology has been modified for unsaturated, fractured media, it is by no means complete. The recent modifications were made knowing that much uncertainty in ground water flow and radionuclide transport processes in unsaturated, fractured media still exists. As a result of this and through the continuing reevaluation of the methodology, a number of outstanding technical issues have been identified for the technical community to address. The ones considered to be most important are discussed below.
The first issue is the validity of continuum approach for flow and transport modeling, particularly, in unsaturated, fractured media. The primary basis for this concern is that, in ground water flow systems, the continuum approach, typically, does not allow for ''short circuits" through the system. ,Short circuits can be thought of as preferential flow paths or bypasses through the system. Under the continuum approach, these short circuits, cannot occur because the flow processes are assumed to occur over some representative elementary volume (REV), which is essentially a macroscopic average of microscopic phenomena. The possible problem with the approach is that the microscopic properties of the medium could possibly provide mechanisms for short circuits. The magnitude of the problem esc'alates as the size of the REV increases. The most obvious example of a continuum model used in ground water flow modeling, and one whose validity is particularly suspect in unsaturated, fractured rock, is Darcy's Law. The validity of Darcy's Law in unsaturated, fractured rock is questionable primarily because of the system on which it was based and developed for (saturated, unconsolidated media).
The second issue is the applicability of using & (sorption distribution coefficient) -based retardation factors in the convective-dispersion equation when modeling transport. This is an issue that is applicable to all media, saturated or unsaturated. The primary concern is that a retardation factor is a single value representation of a set of complex processes. The adequacy of this assumptions and its resultant impact on the convectivedispersion equation need to be addressed. Also, for unsaturated,. media, the use of retardation factors is especially questionable because of the current techniques used to measure them. Because saturated, usually crushed, samples are used, the estimates of retardation factor are not necessarily conservative.
The third issue is the need for developing efficient numerical techniques for flow and transport modeling in unsaturated, fractured media. As discussed above, performance assessment analyses often involve numerous simulations. For complex models, and without efficient numerical techniques, these analyses can be quite expensive. Mathematical models are often simplified representations of conceptual models, partly because of the constraints placed on them by existing numerical solution techniques. In response, efficient numerical techniques may also assist in decreasing uncertainty in mathematical models by allowing more complex mathematical representations of conceptual models.
The fourth issue deals with the treatment of conceptual model uncertainty in performance assessment. As pointed out earlier, the structure of the SNL performance assessment methodology is not suited to treating conceptual model uncertainty, although it is accounted for to a certain extent by treating uncertainty in data and parameters. This is not really a shortcoming of the methodology, but rather the problem lies in quantifying the uncertainty associated with conceptual models. Not treating model uncertainty can be a significant problem simply because models are the foundation for any assessment. Because of lack of data and knowledge, and the spatial and temporal scales typically considered for HLW disposal systems, it is quite possible that numerous, plausible alternative conceptual models may exist for a single site. To increase confidence that the analysis is complete, the treatment of these alternative models in a logical, systematic manner should necessarily be a part of performance assessment. As discussed in Section 2.4, the need to address model uncertainty has been recognized and efforts are being made to resolve this issue.
SUMMARY
A methodology for performance assessment of an HLW repository site located in unsaturated, fractured tuff formations has been presented. The structure of the tuff methodology is identical to its predecessors, the bedded-salt methodology and basalt methodology. However, some of the tools used in the methodology have been modified to address the unique characteristics of an unsaturated, fractured medium.
Changes to the methodology .are primarily in the form of new or modified ground water flow and radionuclide transport codes. A new computer code, DCM3D, has been developed to model three-dimensional ground water flow in unsaturated, fractured rock using a dual-continuum approach. The NEFTRAN 11 code has been developed to efficiently model radionuclide transport in time-dependent velocity fields, has the ability to use externally calculated pore velocities and saturations, and includes the effect of satuxationldependent retardation factors. So that these codes could be used together in performance-assessment-type analyses, code-coupler programs were developed to translate DCM3D output into N E F " 11 input.
In addition to flow and transport codes, other portions-of the performance assessment methodology were evaluated as part of modifying the methodology for tuff. The scenario methodology developed under the bedded salt program, considered adequate, was not altered, but has been applied to tuff. An investigation of the applicability of uncertainty and sensitivity analysis techniques to non-linear models recommends that the most robust technique for these analyses remains the Monte-Carlo-type approach. No changes have been recommended for the dose and health effects models, nor the biosphere transport modeIs.
As part of the continuing re-evaluation of the SNLperformance assessment methodology a number of outstanding, but unresolved, technical issues have been identified. These include (1) the validity of using a continuum approach, especially those based on Darcy's Law, to model ground water flow in unsaturated, fractured media, (2) the applicability of using the convective-dispersion equation with a &-based retardation factor for modeling radionuclide transport, (3) the development of efficient numerical techniques for modeling ground water flow and radionuclide transport, and (4) the treatment of conceptual model uncertainty in performance assessment. 
